ABSTRACT Progress in the development of tunnel field-effect transistors (TFETs) is reviewed by comparing experimental results and theoretical predictions against 16-nm FinFET CMOS technology. Experiments lag the projections, but sub-threshold swings less than 60 mV/decade are now reported in 14 TFETs. The lowest measured sub-threshold swings approaches 20 mV/decade, however, the measurements at these lowest values are not based on many points. The highest current at which sub-threshold swing below 60 mV/decade is observed is in the range 1-10 nA/μm. A common approach to TFET characterization is proposed to facilitate future comparisons.
I. INTRODUCTION
TUNNEL field-effect transistors (TFETs) use electric-field control of band-to-band tunneling as the current gating mechanism [1] , [2] . These transistors have emerged as leading contenders to outperform CMOS at low voltages [3] , [4] . This stems from the ability of the TFET to achieve a subthreshold swing (SS) of less than 60 mV/decade at room temperature. Lower subthreshold swing enables a reduction in voltage supply and a path to lower system power.
In this rapidly advancing field, quantitative comparisons are needed to gauge progress and shed light on the current state-of-the-art. This paper updates comparisons provided in [1] with special attention given to the measured transistor reports of SS below 60 mV/decade. In addition, two-dimensional (2-D) crystal technology [5] based on the monolayer transition-metal dichalcogenides (MX 2 ) [6] , [7] and ultra-thin topological insulators such as Bi 2 Se 3 [8] is now included in the simulation comparison along with the recently-proposed resonant TFET [9] . Fig. 1 shows the projected n-and p-channel TFET drain current per unit width I D /W versus gate-to-source bias V GS , for a given drain-to-source bias V DS , against 16-nm low-power FinFET CMOS (gate length 34 nm) [10] . For the purpose of comparison, the current-voltage (I D -V GS ) characteristics are shifted horizontally so that the gate voltage where the subthreshold slope is the steepest is at the origin, which can be experimentally achieved by engineering the work function of the gate metal.
II. CURRENT STATUS OF TUNNEL FETS
The general trends of Fig. 1 have already been discussed [1] . Group IV materials such as Si [11] , [12] and Ge [12] - [14] exhibit smaller ON-currents resulting from their indirect band gaps and lower tunneling probability. Group III-V materials like InGaAs [3] , InAs [15] , [16] , and InSb [17] have higher ON-currents due to their narrower and direct band gaps. The use of staggered and broken-gap heterojunctions, such as AlGaSb/InAs [18] and InAs/GaSb [9] , boosts the ON-current by shortening the tunneling distances. The introduction of resonant tunneling into TFETs pushes the SS down to ∼25 mV/decade by sharpening the tunneling window [9] .
While III-V materials can provide high performance n-channel TFETs, the performance of p-channel devices is limited by the low conduction-band density-ofstates [14] , [19] , [20] . For both n and p-channel TFETs, graphene nanoribbons (GNR) [21] and monolayer MX 2 [6] with sufficient doping produce some of the best predicted TFET performances due to the high electrostatic gate control expected in single-atomic layer materials. Complementary n-and p-type configurations are available for graphene nanoribbons [21] , monolayer TMD [22] , and layered TMD heterostructure [7] . Carbon nanotube (CNT) n-TFETs, free from edge effects, provide the highest currents at the limits of scaling [23] , [24] . MX 2 nanotubes are also a natural structure to minimize edges at the limits of scaling. The transfer characteristics for the best experimentally demonstrated TFETs are shown in Fig. 2 . Best is defined as those devices that report a subthreshold swing near or below 60 mV/decade, or transistors in which both negative differential resistance is observed in the source-channel junction and where data is provided at supply voltages of 0.5 V or below. Using the later criteria, representative devices are selected across materials systems. As in Fig. 1 , the I D -V GS curves are shifted horizontally to allow easier comparison.
Consistent with theoretical predictions, experimental Si TFETs [25] - [30] generally display lower ON-currents. The use of strain engineering [31] , and integration with Ge [32] , and InAs nanowire [33] , [34] improves the current. Other group IV materials such as strained Ge [35] , GeSn [36] , and strained SiGe [37] enhance the tunnel current; the GeSn [36] TFET does not show negative differential resistance (NDR) in the forward-biased tunnel junction, but is included as a best result for this material system. Homojunction III-V TFETs such as InGaAs [38] , [39] and InAs [40] show higher ON-currents. The heterojunction III-V nanowire TFET based on InP/GaAs [41] shows a subthermal subthreshold swing at drain currents below 10 pA/μm. Heterojunction III-V TFETs like InGaAs/GaAsSb [42] , [43] , InAs/GaSb [44] , InAsSb/GaSb [45] , AlGaSb/InAs [20] , [46] , and In 0.53 Ga 0.47 As/In 0.7 Ga 0.3 As [47] have achieved the highest ON-currents thus far, however these also show the worst subthreshold swings. There does not appear to be a fundamental limitation in these systems to achieving subthermal swings and these numbers can be expected to improve with gate stack optimization, better electrostatics with self alignment, and better passivation. The carbon nanotube TFETs [48] , [49] demonstrated to date do not show the high drive current predicted in [23] , [24] , but these transistors do not have optimized geometries.
The measured subthreshold swing versus I D /W for all n-and p-channel transistors (excluding two CNT TFETs [48] , [49] ) is shown in Fig. 3 ; there are 14 reports of SS below 60 mV/decade. These devices are taken from Fig. 2 . The majority of these devices are group IV materials, such as Si [26] - [31] , Si/Ge [32] , strained SiGe [37] , and strained Ge [35] . The InGaAs homojunction TFET [39] has exhibited a minimum subthreshold swing of 64 mV/decade at approximately 100 pA/μm drain current, while a subthreshold swing of 58 mV/decade at 1 nA/μm drain current has been obtained in an In 0.53 Ga 0.47 As/In 0.7 Ga 0.3 As heterojunction TFET [47] . Nanowire III-V TFETs have shown even lower subthreshold swing: 30 mV/decade at 1 pA/μm in an InP/GaAs heterojunction [41] , and approximately 20 mV/decade in a Si/InAs heterojunction [33] . This 20 mV/decade finding is the lowest among all TFET reports VOLUME 2, NO. 4, JULY 2014 45 and spans over three orders of magnitude of drain current. However, as Fig. 3 shows, there are only a few data points defining this result and this is the case in most of the 14 reports of sub-60-mV/decade swing. The most stable and substantial measurements showing sub-60-mV/decade swing are given for Si in [26] , [29] , [31] and for InGaAs in [47] . The current range for subthreshold swing to be useful is so far insufficient for device applications. For TFETs to be suitable for low power applications, subthreshold swing should remain less than 60 mV/decade for current levels extending to 1-10 μA/μm as discussed in [50] . The comparison plot in Fig. 3 is particularly useful in evaluating progress in TFET development. Therefore, we recommend that both simulation and experimental studies make a practice of providing this data in future publications. The plot clearly displays the minimum SS, the highest current at which 60 mV/decade is achieved [50] , and the range over which SS below 60 mV/decade is obtained.
FIGURE 2. Comparison of published TFET drain current per unit width versus gate-to-source voltage for p-channel (left) and n-channel (right) transistors. Dashed lines indicate experimental 16-nm low-power FinFET CMOS technology [10]. Included devices exhibit SS

III. BRIDGING THE GAP BETWEEN EXPERIMENTS AND SIMULATIONS
Comparing Figs. 1 and 2 , it is apparent that there exists a large gap between theoretical projections and experiments. So far, no one has demonstrated a tunnel FET that has simultaneously both an ON-current comparable to CMOS and a subthreshold swing of less than 60 mV/decade. The highest current for which a subthreshold swing of 60 mV/decade is observed is approximately 1 nA/μm [47] . Generally, ON-current predictions are in reasonable agreement with theory. The greatest disparity has been in measured vs. simulated subthreshold characteristics. The reasons for this are that simulations shown in Fig. 1 generally neglect nonidealities that contribute to larger SS such as band tails due to phonons and heavy-doping, defect-assisted tunneling, interface roughness, and interface and border traps at the high-k dielectric/semiconductor interface [51] .
The theoretical treatment of these effects is at an early stage, and proceeding in advance of detailed characterization of TFETs. Close coupling with experiments is needed to understand the limits. Interface traps act as stepping-stones for electron tunneling though the gap. These traps both add current and perturb the device electrostatics [52] , [53] . Band tails are density-of-states tails that extend exponentially into the band gap, and caused by phonons, thickness and interface fluctuations, substitutional and geometrical impurity disorder due to high doping and alloys [54] , [55] . Band tails degrade device performance in the subthreshold region [55] , and place a fundamental limit on subthreshold swing [54] .
IV. 2-D-CRYSTAL TFETS
Although still at an early stage, 2D crystals have attributes of interest for TFETs [5] and open up an application space outside of CMOS for light weight and flexible electronics. As already shown in Fig. 1 , TFETs with graphene nanoribbons and MoTe 2 promise an ON-current close to 1 mA/um because of their light effective mass, small and direct bandgap, and excellent gate control owing to the ultrathin body. In atomically-flat single-layer 2D crystals, thickness fluctuations are eliminated, leading to sharper band edges [56] . Substitutional doping in bulk crystals is limited by the solid solubility to concentrations of approximately 10 20 /cm 3 . These doping limits then set limits on internal electric field in the range of 2-4 MV/cm. In 2D crystals, doping is achieved by charge transfer or electrostatic doping from adjacent layers or plates, which means higher doping densities can be achieved with higher internal fields, and higher currents. Further tunneling enhancements can be anticipated with staggered or broken gap heterojunction alignments [57] and layered heterostructures TFETs [7] . At the limits of scaling, these 2D crystals can be formed into tubes for optimized electrostatics [58] without the complication of edges.
V. CONCLUSION
A comprehensive review of the state-of-the-art in tunnel field-effect transistors has been prepared to allow a clear assessment of current progress. This study shows the importance of more extensive characterizations of the subthreshold region in future simulations and measurements.
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